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A Structural Error in Many (Most) Cumulus Schemes?
“Degree” of convective organization/clustering is invariant
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Do ESMs Need It?
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Representation of Convective Organization in ESMs

Mapes and Neale 2011; Park 2014; Del Genio et al. 2015; Baohua and Mapes 2017 
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Definitionally, then, X reflects heterogeneities in all fields including temperature, moisture and momentum,
and all their correlations, inasmuch as these are relevant to creating convective tendencies of the coarse
model’s state variables. Figure 1 is from MN11, which enumerated the main interactions envisioned, with
left-hand boxes as sources of organization X and right-hand boxes as its impacts. There are many sources
of such structure in convecting patches of atmosphere, but currently we just consider a known major
source: the evaporation of precipitation. This process has its impact partly through creating horizontal varia-
tions in PBL conditions, including cold pools. Cooler and drier air is preferentially excluded from the inflow
of successful updrafts by a natural selection principle. Meanwhile, edge structures called gust fronts or out-
flow boundaries at cold pool edges foster groups of wider convective updrafts that are thereby more pro-
tected from lateral mixing effects (an effect we represent by assuming a smaller bulk entrainment rate). To
be clear, ‘‘organization’’ denoted by a variable X in the scheme represents the beginning of mesoscale orga-
nization process by which evaporating rain, via downdrafts, introduces cold air into the PBL that spreads
out and causes lifting of warm humidity air that was available there on a larger scale than that of PBL turbu-
lence. The X does not correspond to many other things as observer would define it.

The sign and sense of X’s net effect is clear: for a given filter-scale thermodynamic column, real convection
is systematically deeper and more persistent than random plumes drawn from filter-scale mean conditions, a
consequence essentially of the natural selection principle mentioned above. Evaporation of precipitation
certainly contributes to increasing X, which helps plumes rise deeper and rain more, a positive feedback.

2.2. Implementation in UW_2plume_X Convection Scheme in CAM
X satisfies an advected-forced-damped partial differential equation (equation (1) in MN11):
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@t
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1S (1)

X is dimensionless. Advection is only horizontal, enforced in the code by homogenizing the 3-D tracer field
X vertically every time step. The forcing term S represents the set of missing convection organizing pro-
cesses, currently only a term proportional to precipitation evaporation. This source term has been devised
to give X values 0–1 or so for the model’s precipitation evaporation fields, although X is unbounded. To
close the problem, a timescale s for damping X is introduced. Here we set this time scale, which should be
filter-scale dependent, to 10 ks (about 3 h) for #18 grid cells.

In light of uncertainties, complex coding challenges and error frailties, we chose a simplest-possible
approach. Each X feedback on convection is represented in the code by a constant coefficient with name
of the form org2___ in Figure 1b (same as in MN11). We focus on (1) updraft base inflow temperature
enhancements above the filter-scale mean (org2Tpert), (2) cloud base mass flux in the second, less-
entraining plume (org2cbmf2), and (3) the radius in km (and thus entrainment rate) of that second plume
(org2rkm). A table of values is given in section 3.

The two plumes are computed in a loop, where their fluxes of mass and conserved variables and area cover-
age are joined in a weighted sum to produce the total precipitation, other convection dependent fluxes

Figure 1. From Mapes and Neale (2011).
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where f 5 qt, uc, u, y, j; the superscripts i and j are the
indices denoting individual convective updrafts and
downdrafts, respectively; the subscript h denotes the
value at the PBL top; the angle brackets h!ih0 are the
vertical average over the PBL depth with 0 and h de-
noting the surface and the PBL-top height, re-
spectively; f PBL [ h~f ih0 is the environmental scalar
averaged over the PBL; UPBL [ h~uih0 and VPBL [ h~yih0
are the environmental zonal and meridional winds av-
eraged over the PBL; !c and dc denote the lateral en-
trainment and detrainment rates between aD and aU
(here, subscript c stands for the cold pool), respec-
tively; Dph . 0 is the depth of the PBL; ( !MU , !MD, !MG)
and (!f U , !fD, !fG) denote the mass fluxes and the sca-
lars of the convective downdrafts that sink exclusively
into aU and aD and over the entire grid, respectively;
(Se,U , Se,D, Se) are the sources within the environment
averaged over aU and aD and the entire grid, re-
spectively; Cd is a dimensionless surface exchange co-
efficient; Vs is the horizontal wind speed in the lowest

model layer; We,h is the entrainment rate at the
PBL top computed from the separate PBL scheme;
and DfU [ fU 2 f PBL (DfD [ fD 2 f PBL) is the dif-
ference in conservative scalar between the aU (aD) re-
gion and the grid mean within the PBL (see Fig. 5). In
the above equations, all the mass fluxes are relative
mass fluxes with !M. 0. As detailed in appendix C,
!MD,h is defined as the mixing downdraft that has
originated from above the PBL top, is accompanied
by nonzero precipitation flux at the PBL-top in-
terface, and can sink all the way down to the lowest
model interface above the surface. We parameterize
!c5 !*aD and dc5 d*aD by assuming a stronger mixing
between the cold pool and the ambient air as the cold
pool becomes larger. The difference between the
environmental sources averaged over aU (aD) and
over the grid are
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which collectively represents the adiabatic evapora-
tion, the evaporation associated with the mixing, and
the melting of cloud ice during downward motion.
UNICON computes !qbotl and !qboti from !ubotc and !qbott ,
while !qbotl,adi and !qboti,adi are obtained by applying Eq. (26) to
!f 5 !ql, !qi. Similar to a convective updraft, !Snl and !Sni
are computed using the specified radii of cloud liquid
droplets and ice crystals. Note that the above process
does not change !j. The conversion term !Cf is set to
zero except for !Cu and !Cy , which are parameterized as
Eq. (41).

4) SINK: DETRAINMENT

According to the buoyancy sorting, the mixtures in
xc # x # xd,min and xd,max # x # 1 are detrained into
the environment (Fig. 4). The mass flux and the mass
flux–weighted mean conservative scalar of the detrained
mixtures from the buoyancy sorting of an individual
convective updraft are
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A convective downdraft can also be detrained into the
environment. During vertical displacement, a downdraft
is mixed with mean environmental air at the rates of !!
and !d. The net amount of downdraft mass flux and the
mass flux–weighted conservative scalar detrained from
the downdraft is

!Mr 5
!fm

!Mtop!dDp1 m !Mbot and (56)

!f r 5 [(1/2)(!f top 1 !f bot)!fm
!Mtop!dDp1 !f botm !Mbot]/ !Mr ,

(57)

with !fm 5 fexp[(!!2 !d)Dp]2 1g/[(!!2 !d)Dp] and

m 5

(
1, if !uboty . ~uy,min or !Mbot, !Mmin ,

0, if !uboty # ~uy,min and !Mbot $ !Mmin ,
(58)

where we set !Mmin 5 13 1025 kgm22 s21. Finally, the
net amount of the mass and the mean conservative
scalar of the detrained air (Mr, f r) that is used as a part
of the mixing environmental air for the mixing with the
convective updraft at the next time step [Eq. (78)] is
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where i and j are the indices denoting individual con-
vective updrafts and downdrafts, respectively.

d. Parameterization of cold pools

If forced by sufficient evaporative cooling of pre-
cipitation, a convective downdraft can penetrate down
into the PBL across the inversion barrier at the PBL
top. The virga frequently observed over the continents
during the midafternoon in summer is a visualiza-
tion of this negatively buoyant convective downdraft,
which generates a cold pool within the PBL. We as-
sume that the properties of a convective updraft at the
surface and the mixing environmental air within and
above the PBL are modulated by the subgrid meso-
scale organized flow driven by the cold pool. UNICON
parameterizes the cold pool by dividing the horizon-
tal grid within the PBL into the portion into which
evaporation-driven convective downdrafts are sub-
siding (aD) and the remaining portion from which
convective updrafts are rising (aU 5 1 2 aD) and ap-
plying separate budget equations to each of the aU and
aD regions. The resulting budget equations for the
mass and conservative scalars averaged over the PBL
depth in the aU and aD regions are (see appendix C for
details)

›aU
›t

52UPBL

›aU
›x

2VPBL

›aU
›y

1 (dc 2 !c)

2
g

Dph

!
!
i
M̂i

h 2 !
j

!Mj
U,h

"

2
g

Dph

#
!
j
( !Mj

D,h 1
!Mj
U,h)2 !

i
M̂i

h

%
aU , (61)

NOVEMBER 2014 PARK 3917!Sql
5

!
!qbotl 2 !qbotl,adi

Dp

"
, !Sqi

5

!
!qboti 2 !qboti,adi

Dp

"
, (53)

which collectively represents the adiabatic evapora-
tion, the evaporation associated with the mixing, and
the melting of cloud ice during downward motion.
UNICON computes !qbotl and !qboti from !ubotc and !qbott ,
while !qbotl,adi and !qboti,adi are obtained by applying Eq. (26) to
!f 5 !ql, !qi. Similar to a convective updraft, !Snl and !Sni
are computed using the specified radii of cloud liquid
droplets and ice crystals. Note that the above process
does not change !j. The conversion term !Cf is set to
zero except for !Cu and !Cy , which are parameterized as
Eq. (41).

4) SINK: DETRAINMENT

According to the buoyancy sorting, the mixtures in
xc # x # xd,min and xd,max # x # 1 are detrained into
the environment (Fig. 4). The mass flux and the mass
flux–weighted mean conservative scalar of the detrained
mixtures from the buoyancy sorting of an individual
convective updraft are

M̂r 5 2f̂ mM̂
bot!̂oDp

# ðx
d,min

x
c

P(x) dx1
ð1

x
d,max

P(x) dx

%

and

(54)

f̂ r 5 f̂ bot1

2

66664

ðxd,min

x
c

xP(x) dx1
ð1

x
d,max

xP(x) dx

ðx
d,min

x
c

P(x) dx1
ð1

x
d,max

P(x) dx

3

77775

3 (~f bot
u 2 f̂ bot) . (55)

A convective downdraft can also be detrained into the
environment. During vertical displacement, a downdraft
is mixed with mean environmental air at the rates of !!
and !d. The net amount of downdraft mass flux and the
mass flux–weighted conservative scalar detrained from
the downdraft is

!Mr 5
!fm

!Mtop!dDp1 m !Mbot and (56)

!f r 5 [(1/2)(!f top 1 !f bot)!fm
!Mtop!dDp1 !f botm !Mbot]/ !Mr ,

(57)

with !fm 5 fexp[(!!2 !d)Dp]2 1g/[(!!2 !d)Dp] and

m 5

(
1, if !uboty . ~uy,min or !Mbot, !Mmin ,

0, if !uboty # ~uy,min and !Mbot $ !Mmin ,
(58)

where we set !Mmin 5 13 1025 kgm22 s21. Finally, the
net amount of the mass and the mean conservative
scalar of the detrained air (Mr, f r) that is used as a part
of the mixing environmental air for the mixing with the
convective updraft at the next time step [Eq. (78)] is

Mr 5 !
i
M̂i

r 1 !
j

!Mj
r and (59)

f r 5

!
!
i
f̂ i
rM̂

i
r 1 !

j

!f j
r
!Mj
r

"&
Mr , (60)

where i and j are the indices denoting individual con-
vective updrafts and downdrafts, respectively.
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Objective quantification of the convective clustering
using ground-based radar reflectivity during AMIE/DYNAMO

Wei-Yi Cheng1, Daehyun Kim1, Angela K. Rowe1, Yumin Moon1 and Sungsu Park2

1University of Washington, Seattle, WA; 2Seoul National University

INTRODUCTION

1. Objectively quantify convective clustering using ground-based radar observations, providing 
an observational basis for evaluation of convective organization in convection schemes.
2. Examine the physical mechanisms of convective clustering that is observed in the 2-day rain 
events during AMIE/DYNAMO.

CONCLUSIONS
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➢ The degrees of convective clustering are objectively quantified using Iorg, which is 
based on the spatial distribution of contiguous convective echoes (CCEs).

➢ Our analysis of 2-day rain events during AMIE/DYNAMO reveals two distinct phases 
of convective clustering: Phase 1: N ↑, Iorg ↑; Phase 2: N ↓, Iorg ↑.

➢ WRF simulations show that, during Phase 1, new convective cells preferentially 
forms near the edge of the cold pools boundary. The sensitivity tests confirm that the 
boundary layer temperature inhomogeneity is an important factor for Phase 1 
convective clustering.

➢ During Phase 2, WRF simulations show that the mesoscale circulation is promoting 
convective cells to form near the convective region of the convective system, which 
lead to the increase in degree of convective clustering in Phase 2.

➢ Our results suggest the importance of understanding the mechanisms that are 
responsible for the convective clustering during both phases, in order to have an 
accurate representation of convective organization or clustering in the cumulus 
parameterization schemes.

Motivation

Resolved Processes

Control

Feedback 1

Moist Convection

Feedback 2

Tobin et al. (2012, 2013)

Cumulus parameterization problem • Mesoscale organized convective 
systems can impact global radiation 
budget and hydrological cycle.

• But they are not well represented in 
most of the cumulus 
parameterization schemes. 

• Some cumulus parameterization 
schemes has attempted to 
represent the convective clustering 
(e.g., UNICON; Park, 2014), but 
challenges remain in evaluating 
these schemes against 
observations.

Outline

1. Observational 
Target

1. Observational Target 2. Quantification of 
Convective Clustering

3.Mechanism Study

➢10 2-day rain episodes 
during AMIE/DYNAMO

Observations

Objectives

Large-scale forcing 
dataset

• u,v,w
• moisture
• surface flux
• temperature adv

WRF(3.8.1)
• Doubly periodic
• 1 km resolution
• 256 x 256 km 
• Thompson/YSU/

RRTMG

tropical oceanic 2-day rain events during 
AMIE/DYNAMO
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Simple scalar metric to 
quantify the degree of 
convective clustering 
from  observations

The observed degrees of convective clustering 
are quantified using ground-based radar.

The numerical  models are forced with the 
large-scale forcing dataset to study the 
mechanism of convective clustering.

Reflectivity at 2.5 km
Potential temperature 

anomaly at near surface

Rowe and 
Houze (2015)

Phase 1: convective cells cluster as new cells are 
formed near existing convective entities, presumably 
through the interaction of cold pools with convective 
updrafts. 

Phase 2: the clustered convective entities are sustained 
longer than the isolated ones, possibly through 
feedback from the stratiform clouds and associated 
mesoscale circulations.

7 hours after 
peak rain rate

3. Mechanism Study

Fovell (1990)

vertical cross section
Green contour: 
0.5 (g/kg) water vapor anomaly at each 
level, dashed/solid: negative/positive

Newly triggered CCEs

(K)(dBZ)

H
ei

gh
t (

km
)

4. Implications

WRF

UNICON

Obs. Case study: Oct. 16

2. Quantification of 
Convective Clustering

➢Identify convective entities

4. Implications

Observations

WRF

Cumulus 
parameterizations 

(UNICON)Convective 
clustering 

mechanisms
Convective 
clustering 

mechanisms

To evaluate processes related to convective clustering 
that are explicitly parameterized in convection schemes 
(e.g., UNICON) for further development of the schemes.

Two-step process:

1. Rain type classification algorithm

• Powel et al. (2016; PHB16)

2. Contiguous Convective Echoes (CCEs)

• Two convective pixels belong to 
the same CCE only if these two 
pixels share a common side.

➢Applying to 2-day rain events during 
DYNAMO

Zuluaga and 
Houze (2013)

(K)

• When parameterizing the 
mesoscale organized conve-
ction, most of the convection 
schemes use a scalar metric to 
represent the degree of 
convective organization.

• Although the convection 
schemes don’t parameterized 
Iorg directly, the time 
evolution of the radar-derived 
Iorg nontheless provides a way 
to evaluate the representation 
of the organized convection in 
convection schemes.

➢Implications on cumulus 
parameterization schemes

➢Implications to evaluating cumulus 
parameterization schemes Phase 1

Phase 2

• Our results suggest the importance of understanding the mechanisms that are 
responsible for the convective clustering during both phases.

• Convection schemes without proper representation of the Phase 1 and Phase 2 
clustering will likely have difficulty representing the time evolution of convective 
organization seen in the 2-day rain events.

• UNICON, while the degree of convective organization is represented using cold 
pool area fraction, is shown to be having difficulty representing the Phase 2 
convective clustering, results in having a shorter duration of precipitation.

• The mechanisms of Phase 1 and Phase 2, including cold-pool dynamics, 
mesoscale circulations, radiative-convective feedback, and moisture-convection 
feedback need to be further explored.

➢Quantifying convective 
clustering

Organization Index (Iorg)
• Idea originated from Weger et al. (1992)
• The index is proposed by Tompkins and Semie (2017).
• Comparing the nearest neighbor cumulative distribution function 

(NNCDF) of CCEs to the NNCDF of random distribution.

• 𝑁𝑁𝐶𝐷𝐹random 𝑟
= 1 − exp −𝜆𝜋𝑟2

Reflectivity at 2.5 km
(K)

Case study on Oct. 16 case

➢WRF simulations
8 hours before 
peak rain rate

Iorg = 0.59 Iorg = 0.42

Iorg = 0.71 Iorg = 0.91

x

Ex.

The spatial distribution of 
CCEs will be used to 
quantify the degrees of 
convective clustering, and 
will be served as a proxy to 
convective organization.

Iorg < 0.5: 

scattered 
distribution

Iorg = 0.5:

random 
distribution

Iorg > 0.5:

clustered 
distribution

• 10 rainfall episodes during DYNAMO are composited 
relative to the peak of rain rate.

• Previous study showed the dominant cloud type in the 
2-day rain events transitions from shallow convective, 
deep convective, deep and wide convective, wide 
convective, to broad stratiform clouds.

• The time evolution of Iorg shows an consistent increase 
during the 2-day rain events (from -10 to +10 hours).

• Two distinct phases of convective clustering:
• Phase 1: N ↑, Iorg ↑
• Phase 2: N ↓, Iorg ↑

Phase 1

Phase 2

Cheng et al. (2018)

Example of identifying CCEs:

Equipment S-Polka Radar

Location
Addu Atoll in the 
Maldives

Duration
From 1 October 2011 
through 15 January 2012

Horizontal 
resolution

Interpolated to a 0.5 km 
horizontal and vertical 
Cartesian grid.

Temporal 
resolution

15 minutes

Radius 150 km

H
ei

gh
t (

km
)

vertical cross section (K)

5 m/s
10 m/s

Iorg = 0.86Iorg = 0.75

Quantification of Convective Clustering
Organization Index (Iorg) of Tompkins and Samie (2017) 
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𝑁 = 185, 𝐼𝑜𝑟𝑔 = 0.75 𝑁 = 218, 𝐼𝑜𝑟𝑔 = 0.79

-6

Oct. 16 case

+7

𝑁 = 38, 𝐼𝑜𝑟𝑔 = 0.86

Cheng et al. 2018

AMIE/DYNAMO 2-day rain events
Iorg captures the observed clustering of tropical convection



MC3E May 23rd rain event
Iorg captures the clustering within the locally developed system

Poster (Wei-Yi Cheng et al, 
tomorrow afternoon)



(%)

17-Year C-POL Data
C-POL data provides statistics of Iorg and its relationship with other variables

Joint PDF of column relative humidity (CRH) with number of CCEs (left), echo top height (middle), and Iorg (right)

Data help acknowledgement: Robert Jackson and Scott Collis (ANL)



Evaluation of Conv. Org. Parameterizations in ESMs

1. How can “degrees” of observed 
convective organization/clustering be 
quantified?

2. How can individual parameterized 
processes be tested against 
observations?

Mapes and Neale 2011; Park 2014

Updrafts
(diagnostic)

Cold pools
(prognostic)

Downdrafts
(diagnostic)

Convective 
organization
(prognostic)

Large OrgSmall Org

Ω (Org): degrees of organization



WRF Simulation Driven by ARM Large-scale Forcing Data
The observed convective clustering is reasonably reproduced

Confidential manuscript submitted to Journal of Advances in Modeling Earth Systems 
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 964 

Figure 3. (a) Observed rain rate, N, and Iorg for the 16 October two-day rain event. (b) Same as 965 
(a), but Control. Note that the y-axes for rain rate and N are scaled differently between (a) and 966 
(b). A 3-hourly running average is applied to both figures. Shading area indicates one standard 967 
deviation from 5 members of ensemble simulation. The time on the x-axis follows the same 968 
definition as in Figure 1.  969 
  970 

Cheng et al. 2019



CRM Intervention Experiment
Convection is less organized with weaker boundary layer cold poolsConfidential manuscript submitted to Journal of Advances in Modeling Earth Systems 
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 971 

 972 

Figure 4. (a)-(e): The three-hourly running averaged time series of Iorg in the experiments listed 973 
in Table 1. The time series of Iorg Control are plotted as a black line in each panel. The shading 974 
indicates one standard deviation calculated using 5 ensemble members. (f) The difference in 975 
ensemble mean Iorg in each time period from each experiment: Control (gray), BLT (red), LFTqv 976 
(blue), BLWS (yellow), LFTWS (green), and RAD (purple). The shaded bars indicate that the 977 
corresponding Iorg difference is statistically significant (significant level = 0.01).  978 

Boundary layer temperature is nudged toward the domain 
mean at each time step (AMIE/DYNAMO Oct 16th rain event)

Cheng et al. 2019

Updrafts
(diagnostic)

Cold pools
(prognostic)

Downdrafts
(diagnostic)

Convective 
organization
(prognostic)

Large OrgSmall Org

Ω (Org): degrees of organization



SCM Simulation of the MC3E May 23rd Rain Event 
Driven by ARM Forcing Data

OBS

UNICON



Cold Pools Properties (MC3E May 23rd rain event)

Poster (Wei-Yi Cheng et al, 
tomorrow afternoon)



Summary
• Parameterizations of mesoscale convective organization make plume 

properties situation-adaptive and thereby help ESMs better represent 
variability in the system (e.g., MJO). 
• A few existing cumulus schemes represent two-way interactions between 

convective updrafts and boundary layer cold pools
• None of them represents interactions with stratiform clouds; can ARM observations 

help develop such parameterizations?
• Spatial distribution of convective elements can be used to quantify the 

degree of convective organization/clustering 
• ARM scanning precipitation radar

• Process-level understanding of the underlying mechanisms of convective 
organization requires synergetic use of observations and cloud-system 
resolving model simulations
• ARM large-scale forcing data
• Characterizations of convective updrafts, downdrafts, and cold pools using ARM 

observations


